A recently developed method to characterize the band gap energies of III-V optosemiconductors was utilized to determine temperature-invariant band gap features of multijunction solar cells. The method is based on measuring electroluminescent spectra of the solar cells at different temperatures. The normalized spectra reveal temperature-invariant energy values of the different junctions which are further converted to band gap energies. The method utilization requires a calibrated spectroradiometer and a temperature controlled mounting base for the solar cell under test, however, no knowledge about the absolute temperature of the cell under measurement. The method was tested on GaAs and GaInP solar cells that consist of single and dual junctions. The band gap energies were also derived from spectral response measurements. The differences of the determined band gap energies from the literature values were smaller than 1.1%. Compared with other band gap determination methods, the developed method yields temperature-invariant band gap characteristics; with a known uncertainty, that separated the different junctions in a multijunction device without individual biasing for the different junctions. In addition, a temperature-independent characterization parameter ensures that the operating conditions of the device under test do not affect the results.
I. INTRODUCTION
M ULTIJUNCTION solar cells (MJSC) based on III-V materials are the third generation of photovoltaic cells, to allow solar energy conversion with efficiencies as high as 46% [1] . In addition to the traditional space applications, recent studies have suggested new applications for high efficiency III-V solar cells in energy harvesting systems. Sensors and devices without batteries or wired power supplies in Internet of Things applications are often utilized in indoor conditions, where ambient light is nowadays produced by use of light emitting diodes (LEDs) or fluorescent lamps. Because of the flexibility of the band gap energy values of III-V solar cells, MJSCs can produce more electricity per surface area under indoor lighting conditions than traditional silicon solar cells. [2] The band gap energy is an essential parameter to optimize the efficiency and the performance of III-V solar cells. However, in monolithic MJSC, the subcells are not accessible separately, which makes characterization and measurement procedures challenging [3] , [4] . Traditional methods to measure the band gap energy of a semiconductor device include techniques based on absorption spectrum [5] , ellipsometry [6] , photoluminescence [7] - [10] , electroluminescence [11] , or spectral response [11] , [12] .
Although the band gap determination techniques mentioned are usable methods to find the material band gap, they have some reported limitations. Band gap determination based on a measured absorption spectrum requires measurement of very small transmittances even below 0.0005 [5] . With use of photoluminescence peaks to determine the material band gap, thermal broadening of the spectrum lowers the precision of the determined band gap at higher temperatures [9] . In addition, the photoluminescence or electroluminescence peak is only an approximation of the band gap energy which, in addition, depends on temperature. In theory, the band gap should not be located at the photoluminescence or electroluminescence peak, however at a lower energy level [10] , [13] - [15] . By the use of ellipsometric measurements for band gap determination, the raw ellipsometric measurement data cannot be utilized as such, however additional data analysis and fitting are required to find the material band gap [6] . As the band gap energy is highly temperature dependent, the measurement temperature needs to be well stabilized and known in order to obtain the band gap energy values.
As III-V solar cells are manufactured using effectively the same material compounds and manufacturing processes as III-V light-emitting diodes, they can be used as light-emitting devices as well [15] - [18] . In this article, we present an accurate method to determine temperature-invariant band gap characteristics from the emission spectra of III-V solar cells operated as light-emitting diodes. Emission spectra of a single junction GaAs, a single junction GaInP, and a dual junction GaAs/GaInP sample were measured at varied temperatures and analyzed with a recently published model [19] . The determined band gap characteristics are temperature-invariant, because normalized This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ emission spectra intersect at an energy that does not depend on temperature when T â 0 K. This intersection energy can be used as an absolute characterization parameter for the band gap energy of the device under test. The spectra that originate from different junctions of a MJSC were separately analyzed to yield band gap characteristics for each junction. The band gap energies of the corresponding junctions in single and dual junction samples were equal, compared with each other and to literature values, within the measurement uncertainty. We also measured the spectral responses of the solar cells and derived the band gap energies from that data for comparison.
II. EMISSION SPECTRUM MODEL
In this chapter, we describe a mathematical model for the emission spectrum of III-V optosemiconductors, based on a temperature-invariant energy value, applicable to determination of the band gap energies. Authors of this article have developed a novel method to measure the band gap characteristics of light-emitting diodes manufactured using III-V semiconductor materials [19] . That method is here tested and utilized to characterize the band gap energies of an optosemiconductor device that comprise of more than one p-n junction.
An optosemiconductor emits light as a result of spontaneous recombination of electron-hole pairs. The emission intensity at the high-energy slope of the spectrum is given by the product of the joint density of states f and the exponential Boltzmann distribution
where E is the photon energy, E g (T ) is the band gap energy at junction temperature T, and k is the Boltzmann constant.
Typically the shift of the band gap energy of an optosemiconductor as a function of temperature is described by the Varshni equation [20] 
where α and β are material Varshni parameters, and E g (0) is the band gap energy at 0 K. Equation (2) can be expressed as a linear approximation when T â 0 K [21]
where p is a parameter that defines the linearized band gap energy shift. Equation (2) can be linearized to the form of (3) around temperature T 0 using relations
For the joint density of states f in (1), the following functional form [19] :
can be derived, where r is a constant, E B is the temperatureinvariant intersection point of the normalized emission spectra, and q is a parameter that defines the shift of the peak energy E max (T) of the emission spectrum as a function of T. The normalized emission spectra are obtained by division of
is the energy where the intensity is at maximum. Equation (3) shows that E B is the linear extrapolation of the temperature dependence of E g (T ) to 0 K [19] . The difference between E g (0) of (2) and (3) is less than 2% for GaN and GaAs [19] , [21] . The extrapolation result does not depend on temperature when T > 270 K, hence the temperature dependence of the band gap is linear and can thus be used as an absolute characterization parameter for the band gap energy of the device under test.
III. EXPERIMENTAL

A. Samples
Three different types of III-V solar cells were measured for their spectral responses and emission spectra at varied temperatures. Two of the three samples were single junction solar cells manufactured from GaAs and GaInP. The third sample was a monolithic dual junction cell, comprising of a GaAs and a GaInP junction. All samples were grown by metal-organic vapor phase epitaxy (MOVPE) on a 6°misoriented p-type GaAs substrate. The diameters of the substrates for all three samples were 100 mm, and the epitaxial growth of the layer structures of the samples was performed by MOVPE at Fraunhofer ISE in the same way as in [22] . Fig. 1 shows the layer structures of the three samples. The single junction GaAs and GaInP samples in Fig. 1 consist of a single p-n junction stack of doped GaAs or GaInP on a GaAs substrate. In addition to the p-n junction layer, several other layers are needed to make the semiconductor sample which is an electrically operational solar cell. For ohmic contacts, the p-doped GaAs wafer and the n-doped GaAs cap are used. The window and the back surface field layers near the ohmic contacts reduce unwanted recombination of minority carriers.
The dual junction sample in Fig. 1 is a monolithic cell that consists of GaAs and GaInP p-n junctions connected in series by a tunnel diode. The layer structure and the thicknesses of the layers are the same as in the single junction GaAs and GaInP samples.
The manufactured 100 mm wafers were cut to 10 mm × 15 mm samples, each sample contains 16 individual solar cells. The size of a single solar cell sample was 1.5 mm × 1.5 mm. There were no wires bonded to the samples. However, the back surface was used as a positive contact, and the metallization on top of the cell as a negative contact. To carry out the spectral response and the emission spectrum measurements, the samples were placed on a conductive copper tape, and the tape surface was used to make the electrical contact to the negative terminal. A micropositioner with a tip diameter of 5 μm was used to contact the metallization on top of the cell.
The solar cell samples were fixed on a temperature-controlled mounting base to vary the junction temperatures of the samples during the measurements. The temperature of the mounting base was controlled by the use of a Peltier element and a Wavelength LFI-3550 Peltier controller. The temperature of the mounting base was measured by the use of an AD-590 temperature sensor installed inside the aluminium mounting base. The absolute junction temperature of the device under test was not measured as only the relative change of the junction temperature is needed in our article. The relative change of the junction temperature was assumed to follow the relative change of the heat sink temperature.
B. Spectral Response Measurements
The spectral responses of the single-junction samples were measured for an energy range between 1.3 and 2.5 eV (500-950 nm). A reference spectrometer as in [23] based on a grating monochromator was used to carry out the spectral response measurements. The wavelength step was 1 nm near the band gap energy and 5 nm elsewhere, the bandwidth of the monochromatic light was 2.7 nm. Several measurements were carried out at each wavelength and the average of the measurements was used as the final value.
The spectral responses were measured at three different mounting base temperatures between 280 and 330 K. Assuming that the relatively low light intensity of less than 20 μW of the monochromatic beam did not heat up the sample, the heat sink temperature would be equal to the junction temperature of the solar cell. The samples were allowed a stabilization of 30 min before the measurements. A single spectral response measurement lasted several hours, during which time the temperature of the heat sink varied less than 0.1 K.
The band gap energies of the samples in Fig. 2 were approximated by fitting an exponential function to the data at the band edge and to the saturation region of the spectral response as in [11] . The band gap was derived as the intersection point of the two exponential fits shown in Fig. 2 . Table I shows the determined band gap energies for the samples measured at different temperatures. The exponential fit was fitted to the rising edge of the measurement data between 1% and 50%. The expanded uncertainties in Table I are approximated because of the wavelength uncertainty of 0.5 nm of the measurement device and the effect of the manually chosen modeling limits of the exponential fits. 
C. Emission Spectrum Measurements
To determine the band gap energy, emission spectra of the solar cell samples were measured at different temperatures using a temperature controlled mounting base and a spectroradiometer. The temperature of the mounting plate was varied between 270 and 350 K.
Typical current densities in LEDs range from 1 to 100 A/cm 2 , which reaches the maximum efficiency at current densities of few A/cm 2 . At high (>5 A/cm 2 ) and low (<1 A/cm 2 ) current densities, a substantial decrease of efficiency has been demonstrated [24] , [25] . At high current levels the decrease of efficiency is tied to the increase in electron leakage current. At low current levels below 1 A/cm 2 the decrease of efficiency is mainly because of the nonradiative electron-hole recombination because of impurities in the depletion region of the junction [13] , [26] , [27] .
The size of the active area of our samples was 1.5 mm × 1.5 mm. With a thermal conductivity of 52 W/(mK) for GaAs we have a thermal resistance of 8.5 W/K for our sample [28] . A driving current of 100 mA (4.4 A/cm 2 ) was chosen to maximize the efficiency and thus the radiative recombination rate and to provide a reasonable light intensity for the spectroradiometer, still limiting the heating of the sample with the injected current to few kelvins. The calibration of the spectroradiometer is traceable to the spectral irradiance scale of the National Standards Laboratory of Finland [29] . Fig. 3 shows normalized emission spectra of the single junction samples measured at three different temperatures together with curves fitted according to (1) and (4) . The curve fitting was made for the spectral ranges close to the peak energy and the intersection point with T given by the mounting plate temperature. As can be seen in Fig. 3 , the normalized emission spectra of GaAs and GaInP samples, measured at different temperatures, intersect at energies E B = 1.544 eV and E B = 2.006 eV, respectively. The relative intensity of the intersection points is 0.0193 for both GaAs and GaInP. Fig. 4 shows normalized spectra for the dual junction GaAs/GaInP sample measured at different temperatures and normalized to both GaAs and GaInP peak intensities. In the case of the dual junction sample, two separate intersection energies exist, one for the GaAs junction and the other for the GaInP Fig. 4 . Emission spectra of the dual junction GaAs/GaInP sample measured at different mounting plate temperatures indicated in the figure legend. In the left figures, the spectra are normalized to the peak intensity of the GaAs junction. In the right figures, the spectra are normalized to the peak intensity of the GaInP junction.
junction. The intersection energies can be determined from Fig. 4 to be located at energies 1.545 eV and 1.994 eV, for the GaAs and GaInP peaks, respectively.
IV. ANALYSIS AND DISCUSSION
The band gap energies determined from the emission spectrum and the spectral response measurements of Figs. 2, 3 , and 4 are listed in Table II . As the band gap of a semiconductor can be found near the electroluminescence peak, the peak energy is indicated in Table II as well. In addition, the literature values for the band gap energies are listed with references in Table II .
The uncertainty of E B is determined by the wavelength scale uncertainty of 0.5 nm of the spectroradiometer and the distribution of the intersection points of the normalized spectra at different temperatures. The expanded uncertainty of the peak energy is estimated by the wavelength scale uncertainty of 0.5 nm and wavelength resolution of 0.79 nm of the spectroradiometer.
The band gap energy for GaAs is well characterized in the literature. At 0 K temperature, the band gap energy for GaAs is (1.517 ± 0.008) eV [6] , [28] . Equation (2) with the Varshni parameters of α = (0.55 ± 0.13) meV/K and β = (225 ± 174) K [6] can then be used to calculate E g (305 K) = (1.42 ± 0.04) eV, which agrees within the stated uncertainties with the values obtained from the emission spectra of GaAs junctions in Table  II . Linear extrapolation of the Varshni equation from 305 to 0 K yields a value of 1.56 eV, which deviates less than 1.1% from the intersection energies E B of the GaAs junctions.
For GaInP junctions, the band gap energy has been reported to be a function of the alloy composition, lattice ordering, and growth temperature [30] . Our sample is known to be of the composition Ga 0.5 In 0.5 P. Values of ∼1.96 [9] and 1.985 eV [10] have been reported for E g (0 K) for such a sample. The latter reference provides information to calculate the linear approximation of the band gap energy around 305 K and to extrapolate the linear approximation to 0 K, which yields E B = 1.994 eV in terms of our parameters. The band gap energy at 305 K is 1.887 eV [10] . The latter two values deviate less than 1% from our results in Table II with both single junction and double junction samples. Fig. 4 shows that the electroluminescence spectra of GaAs and GaInP junctions are well separated. As long as the number of layers is reasonably low and the band gap energies of the junctions are not too close to each other, the method can be applied to the characterization of different junctions in multijunction cells. At the moment, the most efficient MJSC utilize four p-n junctions with band gap energies of 1.88, 1.42, 1.12, and 0.74 eV, thus the energy differences are similar as in our test results of Fig. 4 [22] .
While the emission peaks from different junctions are clearly separable, the effect of luminescent coupling on the emission spectra may affect the results [31] - [33] . The p-n junction of an LED emits photons from both sides of the junction. In a single-junction device the back surface reflects or absorbs photons emitted from the bottom side of the junction. In our double-junction sample, the GaInP junction is on top of the GaAs junction. Some fraction of the photons are emitted towards the GaAs junction, however instead of reflecting back or converting to heat, part of these photons are converted back to electron-hole pairs in the GaAs junction because of luminescent coupling.
The luminescent coupling rates at different temperatures are not constant but depend on the temperature [34] , [35] . The effect of the nonconstant coupling rate on the E B was analyzed from the GaAs emission peak of the double-junction sample. As the spectral data are normalized to the emission peak, only the change of the luminous coupling rate as a function of temperature near the E B has an influence. The effect of luminescent coupling on the determination uncertainty of E B is included in the uncertainty in Table II as the variation of the crossing points between different spectra. The variations of the crossing points were smaller than 0.008 eV for all samples.
The interpolated band gap energies at 305 K were calculated by using (3) after parameters p and q were obtained from fitting of the emission spectra according to (1) and (4) . With p = 4.95 and p = 4.94 for the single junction GaAs and GaInP samples, respectively, we got the band gap energy values at 305 K as indicated in Table II . There may be a temperature offset between the mounting plate temperature and the unknown junction temperature T j , which influences the temperature dependence of the band gap energy values as determined according to (3) . In the red InGaAlP LEDs used in [36] and driven with a current of 200 mA, the temperature offset between the mounting base and the p-n junction was around 10 K when the LED was driven with a constant current. When a 1-W LED is being operated, even a short current pulse with a duration of 1 ms will heat up the temperature of the p-n junction by more than 3 K and more than 10 K if the pulse length is 10 ms [37] . The heating of the junction during the current pulse could be overcome by using shorter pulses. However, we have noticed that using pulse lengths shorter than 1 ms may distort the measurement results by changing the shape of the emission spectrum of the LED. In [38] it is suggested that the existence of the temperature-invariant energy value E B is one way to estimate whether the distortions have changed the operating conditions of the device under test.
As seen in Table II , the band gap energies determined by the use of the emission spectrum measurements and the spectral response measurements agree within the measurement uncertainty, that reveals the reciprocity of the emission spectrum and the quantum efficiency. The measurement results show that the band gap energy values at 305 K of the single junction samples deviate less than 0.4% from the corresponding values of the separate junctions of the double junction sample. Those deviations are smaller than the uncertainty estimates at the 95% confidence level, which indicates that the band gap energies of monolithic multijunction III-V solar cells can be characterized by utilization of the temperature-invariant intersection energy of normalized electroluminescent spectra.
Most of the semiconductor characteristics are highly temperature dependent and determination of the absolute temperature of the p-n junction requires an individual calibration [36] , [39] . For high power LEDs, the junction temperature is typically much higher than the heat sink temperature [40] . On the other hand, for GaAs-based optosemiconductors, the junction temperature can be even lower than the temperature of the environment because of the lattice heat converted to photon energy [41] . The temperature invariant intersection energy E B described in this article is a universal characteristic for III-V single-and multijunction optosemiconductor devices, and it can be measured in a repeatable way, without knowledge about the absolute junction temperature of the device under test.
V. CONCLUSION
In the case of a multijunction solar cell, characterizing the optical properties of the separate junctions without physical contact to the inner junction is challenging. In addition, most of the material parameters depend on temperature. When characterizing optosemiconductor devices using external bias light or electroluminescent spectra, the external light or driving current can heat up the sample leading to an unknown p-n junction temperature, which deviates from the temperature of the mounting base. We have presented a sensitive method to determine temperature-invariant band gap characteristics from the emission spectra of a multijunction solar cell. Compared with the traditional band gap determination methods based on absorption spectrum, ellipsometry, photoluminescence, or electroluminescence, our method does not require extremely low signal levels to be measured, uncertainty is determined, and no additional data analysis is required. The band gap energies determined from the emission spectra are in agreement with the literature values and data from spectral response measurements carried out for comparison purposes.
The presented results and method can be utilized as temperature-invariant characterization of III-V solar cells using a simple setup comprising of a spectroradiometer and a temperature controlled mounting base only.
